Roquin is a CCCH-type zinc finger protein that destabilizes the mRNA of the inducible costimulator (ICOS) in a process that requires the 3′ untranslated region (3′ UTR) of ICOS mRNA 1 . Loss of this post-transcriptional regulation causes autoimmunity in Rc3h1 san/san mice, which are homozygous for a point mutation in Rc3h1, the gene that encodes roquin 1,2 . How ICOS mRNA is recognized by roquin protein and how this recognition induces mRNA decay is unknown at present.
heterozygous for Icos deficiency 1 , which indicates that ICOS is the critical target in roquin-mediated prevention of lupus-like autoimmunity. The Rc3h1 san/san mutation is positioned in the ROQ domain of roquin and renders it less effective in controlling ICOS expression 1 . The integrity of the ROQ domain is therefore essential in the prevention of autoimmunity; however, the molecular function of this domain remains unclear. Here we show that roquin is the transacting factor that targets ICOS mRNA for post-transcriptional repression. Roquin bound RNA through its ROQ domain and CCCH-type zinc finger and recognized a region in the 3′ UTR of ICOS. Roquin also interacted with processing (P)-body factors, which are involved in mRNA decay, and was able to repress ICOS even in the complete absence of cellular miRNAs or RISC formation.
RESULTS

ICOS expression is controlled by roquin
To investigate the contribution of roquin to ICOS regulation in differentiated helper T cells, we established an adenoviral knockdown approach. We used primary CD4 + T cells from Tg(DO11.10)-Tg(CARΔ-1) mice to introduce adenoviral vectors 17 . T cells from these mice are permissive for adenoviral infection through transgenic expression of a signaling-inactive version of the human coxsackie adenovirus receptor. We infected CD4 + T cells before activating them with antibody to CD3 (anti-CD3) and anti-CD28 in culture conditions that skew helper T cell differentiation (Fig. 1) . By using adenoviral vectors coexpressing green fluorescent protein (GFP) with short hairpin RNA (shRNA) specific for Rc3h1 or the control gene Cd4, we were able to downregulate the expression of roquin protein (Fig. 1a) and Rc3h1 mRNA (Fig. 1c,g ). However, we observed downregulation of roquin protein only in cells with the highest expression of GFP (10-25%), which correlated with the observed lower efficiency of RNA-mediated interference in primary CD4 + T cells 18 . Knockdown of roquin resulted in more ICOS protein and Icos mRNA in T helper type 0 (T H 0), T H 1 and T H 2 cells (Fig. 1b-f) . The effect was specific, as it did not affect the expression of CD4 protein (Fig. 1b) or Rc3h2 mRNA (Fig. 1c) , the paralog of Rc3h1 (ref. 19 ). In addition, ICOS expression was not induced by expression of an empty shRNA vector or by knockdown of CD4 (Fig. 1b) . Quantification of the surface expression of ICOS protein (Fig. 1d,e) and Icos mRNA (Fig. 1f) during the activation and differentiation of CD4 + T cells under T H 0, T H 1 and T H 2 conditions demonstrated that ICOS protein and Icos mRNA increased from T H 0 cells to T H 1 cells to T H 2 cells (Fig. 1d-f) , as reported before 10 . Regardless of the differentiation conditions, there was a significant increase in ICOS surface expression in cells transduced with shRNA specific for Rc3h1 (Fig. 1d,e) . We observed a similar increase in Icos mRNA in the bulk population containing 72-90% GFP + cells (Fig. 1f) . The knockdown diminished Rc3h1 mRNA to 46-75% of endogenous amounts in the bulk population (Fig. 1g) . These findings show that the expression of ICOS is placed under the post-transcriptional control of roquin in helper T cells.
Roquin interacts with the P-body pathway
We used deletion mutagenesis to identify regions in roquin critical for the repression described above. We analyzed the mutants in mouse embryonic fibroblasts (MEFs) first transduced with retrovirus expressing full-length human ICOS mRNA and subsequently superinfected with retrovirus containing an internal ribosomal entry site coexpressing the marker Thy-1.1 and wild-type or mutant versions of roquin. Truncation of the carboxyl terminus in mutant roquin , which consists of amino acids 1-509 and lacks the proline-rich and the coiled-coil regions, inactivated roquin-mediated repression of ICOS (Fig. 2a-c) . In contrast, roquin(1-951), a mutant lacking only the carboxy-terminal coiled-coil domain, was slightly less active than wild-type roquin (Fig. 2a-c) .
The inactive roquin(1-509) mutant fused to GFP showed aberrant diffuse cytoplasmic localization after transfection into HEK293 human Fig. 1a) , in contrast to the localization of fusion proteins of GFP and roquin(1-951) or wildtype roquin, which localized to cytoplasmic foci and showed little diffuse cytoplasmic staining ( Supplementary Fig. 1a,b) . We assessed roquin localization in primary CD4 + T cells transduced with adenoviruses expressing GFP-wild-type roquin ( Fig. 2d and Supplementary  Fig. 1c ) and HEK293 cells transfected with GFP-wild-type roquin ( Supplementary Fig. 1b ) by costaining with antibodies that robustly identify P bodies or stress granules. Many of the roquin-enriched foci in HEK293 or CD4 + T cells showed full colocalization with the RNA helicase Rck and we therefore identified them as P bodies 20 . In contrast, FMRP, a marker protein of stress granules 21, 22 , showed diffuse staining in both cell types in the presence or absence of ectopic roquin expression ( Fig. 2d and Supplementary Fig. 1b) . Consistent with that, staining with an antibody to the stress granule marker G3BP1 confirmed the absence of stress granules in CD4 + T cells after expression of roquin (Supplementary Fig. 1c) . Quantification of localization of GFP-roquin fusion proteins in CD4 + T cells showed that in 62% of the cells, roquin was associated with P bodies, whereas it localized to the stress granules in only 1.7% of the cells. There was no effect of roquin expression on the percentage of cells with P bodies (68% of all cells) or stress granules (18% of all cells) or on the number of P bodies or stress granules per cell (data not shown). Subjecting CD4 + T cells to arsenite-induced stress (Fig. 2d) induced the formation of stress granules in 85% of cells, and 89% of cells expressing GFP-roquin showed an association of roquin with stress granules. Roquin remained associated with P bodies in only 5.5% of these cells. Experimental induction of stress changed neither the percentage of cells positive for P bodies nor the number of P bodies per cell (on average, 2) or stress granules per cell (on average, 2.75; data not shown). Similarly, in HEK293 cells, the colocalization of roquin and Rck was nearly completely abrogated in cells treated with arsenite to induce oxidative stress (Supplementary Fig. 1b) . During aggregation of the messenger ribonucleoprotein complexes that form P bodies, sequences rich in glutamine and asparagine mediate protein-protein interactions [23] [24] [25] . The carboxy-terminal region of roquin showed a greater frequency of glutamine and asparagine residues in sequences adjacent to the proline-rich region 25 . Artificially defined frames of 80 amino acids reach a maximum content of 17 glutamine and asparagine residues in mouse roquin, with 7.68 as the predicted average 25 . We therefore investigated localization and function of the mutant roquin(1-749), which contains the proline-rich region but lacks the sequences enriched in glutamine and asparagine residues. This mutant had impaired foci formation in the absence of stress (Fig. 3a) but was still able to translocate into stress granules after arsenite treatment (Fig. 3a) . Overexpression of this mutant interfered with P-body formation, as judged by the diffuse cytoplasmic localization of Rck (Fig. 3a) . However, after the induction of stress, the Rck-labeled foci quickly reappeared (Fig. 3a) . In functional assays, roquin(1-749) was considerably impaired in its ability to downregulate ICOS after sequential infection of the mouse fibroblast cell line NIH3T3 (Fig. 3b,c) . These findings positively correlate roquin function with its localization to P bodies but not with its localization to stress granules.
embryonic kidney cells (Supplementary
To investigate the possibility that stress granules are dispensable, we tested roquin function in the absence of T cell intracellular antigen 1 (TIA-1; Supplementary Fig. 2c ). TIA-1-deficient MEFs have impaired assembly of stress granules, as determined by staining for the stress granule markers TIAR, eIF3 and G3BP 26 . In TIA-1-deficient and control MEFs (Fig. 3d) sequentially transduced with retroviral ICOS and roquin constructs, there was almost no effect of Tia1 deletion on the ability of roquin to repress ICOS (Fig. 3d,e) . The data suggest that at least in the absence of cell stress, roquin-mediated repression of ICOS does not depend on TIA-1 function and instead requires physical or functional interactions with P-body components. 
A r t i c l e s
Roquin interacts with decapping proteins
To identify roquin-interacting proteins, we generated a rat monoclonal antibody directed against an internal peptide of roquin ( Supplementary Fig. 2a,b) . By mass spectrometry, we identified the helicase Rck (an essential component of the decapping pathway), the enhancer of decapping Edc4 and the decapping activator Dcp1a in extracts of T H 1 cells immunoprecipitated with purified anti-roquin coupled to magnetic beads but not in control precipitations (beads coupled to an irrelevant antibody; data not shown). We confirmed by coimmunoprecipitation that Edc4 and Rck were associated with roquin protein in T H 1 cells (Fig. 4a ) and in MEFs (Fig. 4b) . Edc4 interacted more strongly than did Rck, because the protein seemed enriched in immunoprecipitation relative to its presence in input. Rck was substantially and specifically associated with but was not enriched in anti-roquin immunoprecipitations compared with input amounts. GFP-tagged roquin(1-509) also interacted with endogenous Edc4 in anti-GFP immunoprecipitates from extracts of adenovirus-transduced MEFs (Fig. 4c) . The interaction occurred through amino-terminal sequences in roquin, did not require localization of roquin to P bodies ( Fig. 3a  and Supplementary Fig. 1a ) and was insensitive to RNase treatment during the immunoprecipitation procedure that efficiently degraded the 28S and 18S rRNA in RNA extracts prepared from immunoprecipitation supernatants (Fig. 4c and data not shown) . Consistent with a possible association of all three proteins in one complex, we observed full colocalization of Edc4, Rck and GFP-roquin in HEK293 cells in the absence of stress induction (Supplementary Fig. 2d) .
Experimentally lowered amounts of cellular Rck protein (Fig. 4d ) in MEFs transduced with retrovirus encoding ICOS as well as retrovirus encoding roquin linked to internal ribosomal entry site-Thy-1.1 expression led to effective derepression of ICOS (Fig. 4e,f) . We achieved knockdown by superinfection of retrovirally transduced MEFs with adenovirus encoding shRNA specific for the gene encoding Rck (Ddx6 (called 'Rck' here); Fig. 4d) , and ICOS expression was higher than before roquin transduction (Fig. 4e,f) . This experiment indicated that knockdown of Rck neutralized the function of exogenous as well as endogenous roquin protein, which is detectable in MEFs (data not shown). These data are consistent with a model in which roquin mediates silencing of ICOS through functional and physical interaction with proteins of the decapping pathway.
Roquin-mediated repression does not require miRNA Rck is not only required in the decapping pathway but is also essential in miRNA-dependent post-transcriptional silencing 20 . This pathway has been linked to roquin-mediated ICOS repression 1 . We generated MEF clones deficient in the endoribonuclease Dicer by transducing cells with two loxP-flanked alleles of Dicer1 (Dicer1 fl/fl ), as well as wildtype cells, with retrovirus expressing Cre recombinase. In parallel, we used CD4 + T cells from Dicer1 fl/fl and Dicer1 +/fl mice with Cre expression driven by Cd4 regulatory elements. Real-time PCR analysis of several candidates and global high-throughput sequencing of small RNAs showed almost undetectable miRNA in Dicer-deficient MEF clones 27 (Supplementary Fig. 3a,b) . In contrast, although peripheral CD4 + T cells from Dicer1 fl/fl mice with Cd4 regulatory elementdriven Cre expression showed efficient deletion of the targeted alleles ( Supplementary Fig. 3c ), detection of miRNA revealed more than 20% of residual endogenous expression of the miRNAs miR-101, miR-155 and miR-181 (Supplementary Fig. 3d ). These findings suggested a very long half-life of RISC-loaded miRNAs during T cell development and, at the same time, ruled out the possibility of testing a requirement for miRNA in roquin-mediated ICOS expression in CD4 + T cells. We therefore infected wild-type and Dicer-deficient MEFs with retrovirus encoding ICOS and wild-type roquin or ICOS and roquin(1-509) (Fig. 5a,b) . Wild-type roquin, unlike its inactive mutant, efficiently downregulated surface expression of ICOS in wild-type and Dicerdeficient cells (Fig. 5a,b) . Moreover, roquin-mediated repression of ICOS occurred in wild-type cells and in Dicer-and miRNA-deficient cells with a similar dose response, as shown by quantification of ICOS on cells with low, intermediate or high surface expression of Thy-1.1, the marker coexpressed by the roquin-encoding retrovirus (Fig. 5c) . In addition, roquin induced a similar decrease of ICOS mRNA expression in wild-type and Dicer-deficient cells (Fig. 5d) . Expression of wild-type roquin and roquin(1-509) was equal in wild-type and Dicerdeficient cells (Supplementary Fig. 3e , lane 1 versus lane 4, and lane 2 versus lane 3). We did not detect higher expression of endogenous roquin protein (Supplementary Fig. 3e, lanes 1 and 4, and f) or Rc3h1 mRNA (data not shown) in cells with deletion of Dicer. We also did functional tests of Dicer-deficient cells and measured miR-196a-induced repression of the Hoxc8 3′ UTR, a well-established target of this miRNA 28 . We found that the Hoxc8 3′ UTR was considerably repressed by coexpression of a construct that contained the sequence of the primary transcript of miR-196a in wild-type cells but not in Dicer-deficient cells (Fig. 5e) . In contrast, Dicer-deficient cells impaired in miRNA biogenesis and gene silencing were still able to support roquin-mediated repression of a luciferase reporter through the 3′ UTR of ICOS mRNA (Fig. 5e) . We next sought to determine whether roquin must act together with central components of the RISC to induce repression of ICOS. We tested roquin-induced downregulation of the ICOS 3′ UTR in embryonic stem cells homozygous for deletion of genes encoding the central RISC components Ago1, Ago3 and Ago4 (Eif2c1, Eif2c2 and Eif2c3, respectively (called 'Ago1' , 'Ago3' and 'Ago4' here); line B9) 29 . We also analyzed the embryonic stem cell line E7 that is deficient in endogenous mouse Ago1-Ago4 but can still be expanded in culture because of low expression of a human transgene encoding Ago2 from a loxP-flanked locus. In these cells, the human transgene can be ablated by means of estrogen receptor-fused Cre recombinase induced by treatment with tamoxifen. 
A r t i c l e s
After tamoxifen treatment, these cells remain viable for up to 4 d before undergoing apoptosis 29 . Adenoviral coinfection of the ICOS 3′ UTR reporter construct with GFP or with GFP coexpressed from an internal ribosomal entry site with roquin ( Fig. 5f) showed that roquin was able to repress the ICOS 3′ UTR in cells lacking mouse Ago1, Ago3 and Ago4 (line B9) and in cells lacking mouse Ago1-Ago4 but containing small amounts of human Ago2 (line E7). After treatment with tamoxifen, E7 cells were arrested in proliferation but were not impaired in roquin-mediated repression of ICOS, as determined by measurement of luciferase activity ( Fig. 5f ) and flow cytometry (data not shown).
The ratio of renilla luciferase activity to firefly luciferase activity provides a measurement of ICOS 3′ UTR-mediated repression of renilla luciferase expression. This is independent of infection efficiency, epigenetic regulation of the adenoviral episomes and the relative transcription or translation efficiencies of various cell types. Comparing these normalized values, we did not find evidence that repression of the ICOS 3′ UTR changed after partial or complete inactivation of miRISC function. Therefore, we did not detect regulation of the ICOS 3′ UTR via miRNAs in embryonic stem cells (Fig. 5f) . However, we cannot exclude the possibility of miRNA-dependent regulation of ICOS in other cell types. In fact, we measured ICOS mRNA expression from retroviruses that integrated into the genome of Dicer-deficient and wild-type MEFs, normalized to that of Hprt1 (encoding hypoxanthine guanine phosphoribosyl transferase; Supplementary Fig. 3g) , and compared that expression with the amount of quantitative genomic PCR amplification of the retroviral vector-encoded GFP sequence normalized to that of Hist1h2ak (encoding histone cluster 1, H2ak; Supplementary Fig. 3h ).
We found slightly more ICOS expression per integration in Dicerdeficient cells (Supplementary Fig. 3i ), which suggested a moderate repressive effect of miRNAs on the ICOS 3′ UTR in MEFs. Together these findings cannot exclude the possibility of cell type-specific regulation of ICOS by miRNAs but rule out a requirement for miRNAs and RISC formation in roquin-mediated ICOS repression.
Roquin is an RNA-binding protein We next assessed whether roquin itself interacts with mRNA. First we addressed whether we could detect endogenous mouse Icos mRNA in endogenous roquin immunoprecipitates from protein extracts of primary T H 1 cells. We documented efficient roquin protein enrichment in immunoprecipitates (Fig. 6a) and confirmed physical association of Icos mRNA and roquin protein by showing significantly more PCR amplification of Icos in the roquin immunoprecipitation than in mock precipitations (Fig. 6b) . The observed interaction did not depend on the carboxyl terminus of roquin but depended on its amino terminus. In fact, the interaction of roquin and ICOS mRNA after cotransfection in HEK293 cells was the same or slightly greater for the roquin(1-509) mutant (Fig. 6c) . Deletion of the amino-terminal RING finger alone in roquin(55-1130) had a small negative effect on the interaction with ICOS mRNA (Fig. 6c) . However, binding to ICOS mRNA was lost when the aminoterminal deletion in the roquin(338-1130) mutant included the ROQ domain (Fig. 6c) . Roquin-mediated repression of ICOS was completely abolished when the RING finger and ROQ domain were deleted in roquin(338-1130), whereas deletion of the RING finger alone in roquin(55-1130) had a partial effect (Fig. 6d,e) . To address a possible contribution of the CCCH-type zinc finger, we expressed the truncated roquin protein roquin(1-412), which contained the RING finger and ROQ domain but lacked the carboxy-terminal sequences, including the zinc finger. This mutant showed considerable impairment in binding to ICOS mRNA; however, it associated with more ICOS mRNA than control immunoprecipitates (Fig. 6f) . These findings show that the zinc finger acts together with the ROQ domain, which is critical in the binding to ICOS mRNA.
Finally, we investigated whether roquin, in the absence of other cellular factors, was able to bind and recognize ICOS mRNA. We bacterially expressed and purified an amino-terminal fragment of roquin(1-441), which contained the RING finger, ROQ and zinc finger domains (Supplementary Fig. 4a) . We incubated the protein with capped full-length ICOS mRNA generated by in vitro transcription with T7 polymerase (Supplementary Fig. 4b) . In electrophoretic mobility-shift assays, roquin protein interacted with full-length ICOS mRNA (Fig. 7a) , and the roquin-induced retardation of the ICOS mRNA band was greater with higher concentrations of roquin in the binding reaction (Fig. 7a) . The progressive upshift increased over a wide range of protein concentrations (Fig. 7a) , which indicated the existence of several binding sites for roquin on ICOS mRNA.
Expression of ICOS mRNA from a construct lacking the 3′ UTR is not repressed in cells overexpressing roquin 1 . Consistent with that finding, we did not detect any regulation of ICOS mRNA by A r t i c l e s roquin when we replaced the 3′ UTR of ICOS with an unrelated 3′ UTR (data not shown) or with a nonresponsive sequence (that is, a second coding sequence of ICOS without start and stop codons; Supplementary Fig. 5a, bottom) . Only full-length ICOS containing the 3′ UTR was efficiently bound by roquin in vitro, whereas the ICOS coding sequence (Fig. 7a) or tandem coding sequences of ICOS (Supplementary Fig. 5b) were not well recognized and their mobility was not altered by roquin at low concentrations (Supplementary Fig. 5b) . Furthermore, roquin did not alter the mobility of excess yeast transfer RNA included in the binding reaction (Supplementary Fig. 4c) , and under these conditions, an unrelated protein did not induce retardation of the full-length ICOS mRNA band (Supplementary Fig. 4d ). The binding was not due to the T7 terminator sequence (Supplementary Fig. 4e,f) and was not dependent on the attachment of a poly(A) tail (data not shown). However, at high protein concentrations, the mobility of the coding sequence was also altered by roquin protein. We therefore quantified the effective roquin protein concentration required for complete binding of various constructs, as determined by the disappearance of free mRNA. Full upshift of free full-length ICOS mRNA became apparent at concentrations as low as 20 pmol, whereas complete upshift of ICOS coding sequence mRNA did not occur at concentrations below 160 pmol roquin per binding reaction (Fig. 7a) , which indicated a difference of approximately eightfold in the affinity of roquin for the two different mRNAs. We mapped the site in the 3′ UTR of ICOS required for the binding of higher affinity by introducing progressive deletions of 600 base pairs starting from the 3′ end. An ICOS 3′ UTR mRNA construct of residues 1-1210, containing the coding sequence and the first 610 base pairs of the 3′ UTR, had a response to roquin binding indistinguishable from that of full-length ICOS (Supplementary Fig. 6a ). Roquin(1-441) bound this minimal ICOS 3′ UTR construct (1-1210) with higher affinity than did an irrelevant mRNA of similar length (the coding sequence of human FOXP3 (encoding the transcription factor Foxp3); Supplementary Fig. 6b) . By removing in a stepwise manner 100 base pairs from the 3′ end of this ICOS construct (Fig. 7b) , we identified the region between 100 and 200 base pairs 3′ of the stop codon as being critical for the higher affinity binding of roquin to the ICOS 3′ UTR. We also correlated the sequences required for the higher affinity binding of ICOS mRNA by roquin with the extent of functional repression of ICOS by roquin in MEFs (Fig. 7c,d ). All constructs containing the mapped binding site were repressed by roquin. However, the degree of ICOS repression by roquin increased with length of the ICOS 3′ UTR. These findings indicate that multiple sites in the 3′ UTR may actually contribute to the functional repression of ICOS by roquin in living cells.
DISCUSSION
Our data have indicated the involvement of P-body components in roquin-mediated repression of ICOS. We have shown that localization of roquin to P bodies occurred in primary CD4 + T cells as well as in HEK293 cells and was detected equally by colocalization with Rck or Edc4, two different P-body markers. In fact, in HEK293 or CD4 + T cells not subjected to stress, we did not find colocalization of roquin-enriched foci with the stress granule markers FMRP or G3BP1. The localization to P bodies required the carboxyl terminus of roquin, which contains sequences enriched for glutamine and asparagine. Glutamine stretches have been shown to act as polar zippers in prion proteins 24 , and more glutamine and asparagine residues have also been found in many P-body proteins. These regions are believed to permit protein-protein interactions important for the formation of messenger ribonucleoproteins in post-transcriptional regulation 23, 25 . The presence and the functional importance of sequences enriched for glutamine and asparagine provide support for the idea of an evolutionary conserved role for roquin in the P-body pathway. In the context of the reported localization of roquin to stress granules 2,30 , we noted that roquin translocated into stress granules after induction of stress in HEK293 and CD4 + T cells and it is therefore possible that cells undergoing a stress response have altered roquin activity. So far, we have not been able to obtain experimental support for this idea. We have shown that roquin effectively repressed ICOS in helper T cells in a phase in which the TIA-1-dependent integrated stress response has been shown to repress translation of IL4 mRNA (encoding interleukin 4) 31 . However, we did not observe any effect on roquin activity in MEFs deficient in TIA-1. In the P-body pathway, we identified binding of roquin to the P-body components Edc4 and Rck in CD4 + T cells and MEFs and demonstrated the importance of Rck expression for roquin function. Rck and Edc4 operate in the decapping pathway and destabilize mRNAs in functional cooperation with Dcp1a and Dcp2, the latter of which removes the 5′ N7-methylguanosine cap. The mRNAs that lack this modification are no longer protected from 5′-to-3′ mRNA degradation 23 . Nevertheless, the repression of mRNA translation by interference with binding of the translation-initiation factor complex eIF4F to the 5′ N7-methylguanosine cap of the mRNA represents the rate-limiting step of decapping [32] [33] [34] . Therefore, although they do not exclude the possibility of a role for roquin in the first step of translational repression, our results suggest that roquin promotes decapping of target mRNAs.
We have also presented evidence that roquin is an RNA-binding protein. The observed association of roquin and ICOS mRNA in T cell extracts or cell extracts from transfected HEK293 cells depended mainly on the ROQ domain, which shows that this domain is a member of a relatively small group of RNA-binding modules 35 . It seems that the ROQ domain binds in combination with the CCCH-type zinc finger module in roquin. This mode of protein-RNA interaction allowed binding of multiple roquin molecules to the same ICOS mRNA in vitro. The cooperation of different RNA-binding modules in one protein has been described as a common feature of RNA-binding proteins and typically enables them to bind with higher affinity or to obtain specificity for an mRNA substrate among an enormous diversity of possible structures 35 . These findings are consistent with a report also demonstrating that the ROQ domain is critical for the binding of roquin to a short RNA fragment from the ICOS 3′ UTR 30 . However, we found that roquin had a 'preference' for certain structure or sequence determinants present in a previously unrecognized region of the ICOS mRNA, which probably specify the cellular targets of roquin. Our experiments showed roquin bound with higher affinity to a specific sequence located between 100 and 200 base pairs downstream of the stop codon in the ICOS 3′ UTR. In addition, we found general binding to various other mRNAs with lower affinity, which indicates the possibility that sequential binding on the ICOS mRNA could occur in a cooperative manner. We conclude that roquin is a protein that has a low affinity for mRNAs in general. However, roquin has also a protein-intrinsic higher affinity for sequence or structure determinants of the ICOS 3′ UTR. The fact that the ICOS 3′ UTR contributes more regulatory elements than just one single roquin-specific binding site for efficient repression of ICOS in cells indicates the involvement of additional steps beyond binding. Therefore, we propose that the repression occurs in a higher order structure induced by recognition of the ICOS 3′ UTR by roquin but at the same time needs cellular cofactors that may require additional features in the ICOS 3′ UTR.
We analyzed roquin activity in cells deficient in Dicer and Ago1-Ago4. We did not find evidence for a positive role of the miRISC, as suggested by studies describing that silencing of ICOS by roquin requires an intact miR-101-recognition motif 1 . In those experiments, a critical region in the 3′ UTR of ICOS was mapped and a minimal response element of 47 base pairs was defined 1 . We assume that experimental differences related to the use of isolated fragments linked to reporters or, in our case, the entire 3′ UTR in the context of the ICOS coding sequence may account for the contrasting conclusions.
The newly described molecular functions of roquin may be involved in the prevention of autoimmunity. These functions include sequenceor structure-specific binding to RNA as well as the formation of complexes with other factors involved in mRNA decay. We speculate that at least one of these functions could be impaired in roquin proteins with the methionine-to-arginine substitution at position 199 in the ROQ domain and could thereby cause the development of autoimmune disease in Rc3h1 san/san mice 2 .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
Note: Supplementary information is available on the Nature Immunology website.
